Effects of the dwarfing gene sd1 originating from the Taiwanese rice variety 'Dee-geo-woo-gen' on yield, yield components and other traits were investigated using two isogenic lines, T d and S d , and their respective parental varieties, 'Taichung 65' (T65) and 'Shiokari'. At Kochi University, T d and T65 were grown at three fertilizer levels in 1998, and at one fertilizer level in 1995. S d and 'Shiokari' were grown at one fertilizer level at Hokkaido University in 1996. Yields of T d and T65 increased as the fertilizer level was increased in 1998. The yield of T d was lower than that of T65 under all four growing conditions. Similarly, the yield of S d was lower than that of 'Shiokari'. In spikelet number per panicle, T d and S d were significantly smaller than their respective parental varieties under all growing conditions. In panicle number per m 2 , differences between T d and T65 were nonsignificant under all growing conditions. In this trait, S d was larger than 'Shiokari'. In ripenedgrain percentage, T d was higher than T65. In 1000 grain weight, on the other hand, T d was smaller than T65 under all growing conditions except that in 1995. In these two traits, however, S d and 'Shiokari' were similar to each other. T d and T65 were similar to each other in length and width of spikelet. To sum up, the lower yields of T d and S d were mainly due to their small numbers of spikelets per panicle in comparison with their respective parental varieties. In spikelet number per m 2 and in sink size, T d and S d were smaller than their respective parental varieties, indicating that sd1 decreases sink size. In LAI and leaf weight per m 2 at the 80 %-heading stage, T d and T65 were similar to each other, indicating that sd1 has almost no effect on the total amount of photosynthetic organ.
Introduction
Short-culm and lodging-resistant rice varieties, which contain the dwarfing gene, sd1 originating from the Taiwanese variety 'Dee-geo-woo-gen', are widely grown in Southeast Asia (De Datta et al. 1968 , Thomas et al. 1980 . A gammaray induced mutant, 'Calrose 76' contains a dwarfing allele at the sd1 locus, and it and its derivatives have been cultivated in California (Rutger et al. 1976 , Foster and Rutger 1978 , Rutger 1983 , Mckenzie et al. 1994 ). In addition, many short-culm varieties adapted well to high fertilizer levels in southern Japan, such as 'Shiranui', carry a dwarfing allele at the sd1 locus which originates from a Japanese indigenous variety, 'Jukkoku' (Kikuchi et al. 1985) . According to Murai and Yamamoto (2001) , a variety 'Reimei' also carries a dwarfing allele at the sd1 locus: its reducing effect on culm length is smaller than that of the dwarfing gene originating from 'Dee-geo-woo-gen'. 'Reimei' and its descendents have been widely grown in northern Japan even now (Futsuhara 1968 , Kushibuchi et al. 1977 , Yamazaki et al. 1987 . Thus, the dwarfing alleles at the sd1 locus enhance lodging resistance, and enable high yields under high-fertilizer conditions. However, it has not been clarified as yet whether sd1 itself exerts its effect on grain yield under practical growing conditions or not. Murai et al. (1995) reported that culm lengths of two isogenic lines regarding sd1 from 'Dee-geo-woo-gen' were 20 to 37 cm shorter than those of their respective recurrentparent varieties, 'Taichung 65' and 'Shiokari' under various growing conditions, and the difference between each dwarf line and its parental variety became greater as the fertilizer level increased. In the present study, the effects of sd1 on yield, yield components, harvest index, leaf area and other traits were investigated under various growing conditions, using the two isogenic lines and their parental varieties.
Materials and Methods

Experiments of the isogenic line of 'Taichung 65'
We used the isogenic line regarding sd1 originating from 'Dee-geo-woo-gen' which was developed after ten backcrosses with 'Taichung 65' (Murai et al. 1995) . This line was denoted by "T d ". 'Taichung 65' (T65) is a Taiwanese tall japonica variety. Experiments were conducted in 1995 and 1998 . In 1995 (e-mail: muraim@cc.kochi-u.ac.jp) transplanted to a paddy field of the Faculty of Agriculture, Kochi University, Japan, with two seedlings per hill at a spacing of 30.0 × 15.0 cm (22.2 hills per m 2 ), on April 11. In 1998, on June 11, 24-day-old seedlings of both lines were transplanted to another paddy field of Kochi University with the same planting density as in 1995. After transplanting, plants were grown at a single fertilizer level and three fertilizer levels in 1995 and 1998, respectively, with three replications in each year (Table 1 ). In 1998, we adopted the splitplot design to the experimental field, applying the main-plot and sub-plot to the fertilizer levels and lines, respectively. The 80 %-heading stages of the lines in both years are shown in Table 1 . The growing seasons in 1995 and 1998, respectively, correspond to the early and intermediate cropping seasons in Kochi prefecture. Under the growing conditions in the present study, culm length of T d was 25.7 to 31.6 cm shorter than that of T65, as shown in Table 3 .
All panicles of about 30 hills were sampled from each plot at maturity, and panicle weight of each hill was checked after cutting just at their panicle bases and air drying. Out of seven hills randomly selected from 30 hills of each plot, five hills having intermediate panicle weights were selected. The panicles of the five hills were threshed, and all spikelets of each hill were counted. Hulled grains (hereafter "grain") were sieved at 1.7 mm to select ripened grains by thickness. All ripened grains of each of the five hills were counted, and were weighed. The percentage of ripened-grain weight to panicle weight in the five selected hills of each plot was calculated; then, ripened-grain weight (yield) of 30 hills of each plot was estimated from this percentage. Moisture content (%) of ripened grains of each plot was measured; and yield at 15 % moisture was estimated and used in the present study.
Nine hills were sampled from each plot at the 80 %-heading stage and at maturity. Five hills, which had intermediate panicle numbers per hill, were selected from the nine hills at each stage. Dry weight excluding roots of each hill was measured after drying at 75°C for two days at each stage. At the 80 %-heading stage, the total area of living leaves of each hill and their dry weight were measured.
Length and width of the following spikelets were measured for three hills per plot in 1995: the third to fifth spikelets from the top of each of the three primary branches from the upper, middle and lower parts of the largest panicle of each hill, viz. nine spikelets per hill.
Experiment of the isogenic line of 'Shiokari'
The other isogenic line regarding sd1, which was developed after 12 backcrosses with 'Shiokari' (Murai et al. 1991) , was used; it was denoted by "S d ". 'Shiokari' and S d were grown at a single fertilizer level with three replications in 1996. Thirty six-day-old seedlings were transplanted to a paddy field of Hokkaido University with two seedlings per hill at a spacing of 30.2 × 14.5 cm (22.8 hills per m 2 ) on May 31. A chemical fertilizer was applied only by basal dressing at a level of N 7.0, P 2 O 5 7.0 and K 2 O 4.5 g/m 2 . Under the growing condition in the present study, culm length of S d was 26.5 cm shorter than that of 'Shiokari', as shown in Table 5 .
All panicles of about 30 hills per plot were sampled at maturity. Yield and yield components were measured in the same way as in T d and T65.
Results
Experiments of the isogenic line of 'Taichung 65'
Yields of T d and T65 increased consistently as the fertilizer level increased in 1998 (Fig. 1 ). The yield of T65 was higher than that of T d under all growing conditions in both years. Table 2 shows the results of the analysis of variance of the split-plot experiment in 1998. The effects of line and fertilizer level on yield were significant whereas the interaction between them was not significant. Table 3 shows the yield components and other traits of T d and T65 in 1998 and 1995. T d showed a significantly smaller spikelet number per panicle than T65 under all growing conditions in both years. Furthermore, the effect of fertilizer level and the interaction were significant (Table 2) : spikelet number per panicle of T65 increased consistently with the enhancement of fertil- izer level, whereas that of T d slightly decreased from the middle to high fertilizer levels. In panicle number per m 2 , the two lines were in the order of T d > T65 at all three fertilizer levels in 1998 but they were in the reverse order in 1995; although the differences were nonsignificant. Both in T d and in T65, this trait increased in keeping with the increase of fertilizer level. Regarding ripened-grain percentage as well as 1000 grain weight, only the effect of line was significant (Table 2 ). In ripened-grain percentage, the two lines were in the order of T d > T65 under all growing conditions in both years. In 1000 grain weight, on the other hand, the two lines were in the order of T65 > T d under all growing conditions in both years, although the difference in 1995 was not significant.
There were the significant differences in yield between T d and T65 at the middle fertilizer level in 1998 and in 1995 (Fig. 1) . The percentages of yield components of T d to those of T65 in these two conditions were calculated to investigate the relations between yield and yield components. As illustrated in Fig. 2 , the yields in T d were 92 and 87 % of those in T65 in 1998 and 1995, respectively. The spikelet number per panicle in T d was 93 and 87 % of that in T65 in 1998 and 1995, respectively. The panicle number per m 2 in T d was 103 and 97 % of that in T65 in 1998 and 1995, respectively. Regarding ripened-grain percentage, the values of T d were 3 and 5 % larger than those of T65 in 1998 and 1995, respectively. On the other hand, the 1000 grain weight of T d was 6 and 2 % smaller than that of T65 in 1998 and 1995, respectively. To sum up, the lower yield of T d may be mainly due to its smaller spikelet number per panicle.
Both in spikelet number per m 2 and in sink size (single grain weight × spikelet number per m 2 ), T d was smaller than (Table 2) , and in accordance with analysis of variance in 1995. T65 under all growing conditions in both years (Table 3) ; although the effect of line on spikelet number per m 2 was not significant (Table 2 ). Both T d and T65 showed a tendency that these two traits became larger with the enhancement of fertilizer level.
LAI (leaf area index) and leaf weight per m 2 at the 80 %-heading stage of T d and T65 in 1998 and 1995 are shown in Table 3 . Both traits became larger with the enhancement of fertilizer level, although the effect of fertilizer level was not significant in either of the traits (Table 2 ). In the two traits, values of T d and T65 were similar to each other under all growing conditions in both years.
Regarding total weight per m 2 both at the 80 %-heading stage and at maturity (Table 3) , the values of the two lines increased consistently with the enhancement of fertilizer level in 1998. In both traits, the lines were in the order of T65 > T d under all growing conditions in both years, although the differences in total weight per m 2 at the 80 %-heading stage between the lines were nonsignificant. For harvest index, T d and T65 were similar to each other under all growing conditions in both years. In addition, the effect of fertilizer level on this trait was not significant ( Table 2) . As shown in Table 4 , there were no significant differences in length and width of spikelet between T d and T65.
Experiment of the isogenic line of 'Shiokari' Table 5 shows the yield and other traits of S d and 'Shiokari' in 1996. The yield of S d was 6 % lower than that of 'Shiokari'. The spikelet number per panicle of S d was 15 % smaller than that of 'Shiokari'. The panicle number per m 2 of S d was 11 % larger than that of 'Shiokari'. S d and 'Shiokari' were similar to each other not only in ripenedgrain percentage but also in 1000 grain weight. In spikelet number per m 2 and in sink size, the two lines were in the order of 'Shiokari' > S d . Of the above traits, however, the difference only in spikelet number per panicle between the lines was significant.
Discussion Murai et al. (1995) and Murai and Yamamoto (2001) indicated that the sd1, originating from 'Dee-geo-woo-gen', as well as that from 'Calrose 76', reduces spikelet number per panicle of the main culm; however, they did not investigate its effect on yield. The present study indicated that sd1 reduces spikelet number per panicle (average of overall panicles of each hill) under the two genetic backgrounds of 'Taichung 65' and 'Shiokari'.
In panicle number per m 2 , the differences between T d and T65 were nonsignificant in the present study, which is consistent with the previous report of Murai et al. (1995) . In this trait, S d was larger than 'Shiokari', but the difference was not significant (Table 5) . Murai et al. (1995) reported that S d was significantly larger than 'Shiokari' in this trait under growing conditions different from that of the present study. Ogi et al. (1993) reported that the panicle number per plant of an isogenic line regarding sd1 was larger than that of its parental variety, 'Norin 29'. Hence, it is considered that sd1 has a pleiotropic effect of increasing panicle number per unit area but this effect can not be exerted enough under some genetic backgrounds such as T65.
Regarding ripened-grain percentage, T d showed small but significant increases from T65 under all growing conditions at Kochi University, whereas S d and 'Shiokari' were similar to each other at Hokkaido University (Table 3,  Table 5 ). At the Faculty of Agriculture, Kochi University, daily maximum temperature exceeded 30°C during mid-and late July in 1995 and throughout August in 1998 (the internal meteorological data of the faculty). These two periods included the 80 %-heading stages of T d and T65 in the experiments ( Table 1 ), indicating that panicles of T d and T65 were exposed to temperatures higher than 30°C every day during ten days around their respective 80 %-heading stages in 1995 and 1998. Murai et al. (1992) reported that treatment at a day time temperature of 35°C at the flowering stage decreased spikelet fertilities of S d and 'Shiokari' by about 30 and 60 %, respectively, and decreased those of T d and T65 by 1.5 and 3.3 %, respectively; further, with 37°C treatment, spikelet fertility of T d was 8.4 % higher than that of T65. They concluded that sd1 enhances the tolerance to the high-temperature damage at the flowering stage. In the present study, hence, the unripened spikelets of T65 and T d might include unfertilized spikelets caused by the high-temperature damage (Table 3) . It is assumed that sd1 lessened the hightemperature damage in T d , resulting in the differences in ripened-grain percentage between T d and T65 (Table 3) .
Several reports indicate that sd1 has little effect on the length and width of spikelet under the genetic backgrounds of 'Shiokari', 'Fujiminori' and 'Norin 29' (Murai et al. 1982 , Murai and Kinoshita 1983 , Kikuchi et al. 1985 , Murai 1999 , Murai and Yamamoto 2001 . T d and T65 were similar to each other in length and width of spikelet (Table 4) . Hence, sd1 has almost no effect on size of spikelet. The 1000 grain weight of S d were similar to that of 'Shiokari' (Table 5) . In this trait, however, T d was smaller than T65 under all growing conditions (Table 3) . The difference in 1000 grain weight between T d and T65 may be explained as follows: the higher percentages of ripened grains of T d , as compared with those of T65, lessened allotment of photosynthetic product to each grain of T d . T d and T65 had similar LAIs and leaf weights per m 2 at the 80 %-heading stage (Table 3 ), indicating that sd1 has almost no effect on the total amount of photosynthetic organ at heading. In sink size, on the other hand, T d or S d was 5 to 18 % smaller than that of its parental variety (Table 3, Table 5 ). Hence, it could be concluded that sd1 reduces sink size owing to decrease of spikelet number per panicle. Consequently, the yield of T d or S d was 5 to 13 % lower than that of its parental variety ( Fig. 1 and Table 5 ). High yielding varieties developed at the International Rice Research Institute or in Korea such as 'IR8' and 'Milyang 23' produce large panicles as compared with ordinary Japanese varieties, resulting in a large number of spikelets per unit area (Osada et al. 1973 , Sun et al. 1979 , Komatsu et al. 1983 , Saito et al. 1990 ). Yagi et al. (2001) reported that 'Milyang 23' carries a gene with an increasing effect on spikelet number per panicle at a quantitative trait locus on chromosome 1. It is inferred that this gene and/or other gene(s) with an increasing effect on spikelet number per panicle causes high yields of 'Milyang 23' and other improved varieties carrying sd1, although sd1 itself reduces spikelet number per panicle.
